Ice nucleation from vapor presents a variety of challenges across a wide range of industries and applications including refrigeration, transportation, and energy generation. However, a rational comprehensive approach to fabricating intrinsically icephobic surfaces for frost formation-both from water condensation (followed by freezing) and in particular from desublimation (direct growth of ice crystals from vapor)-remains elusive. Here, guided by nucleation physics, we investigate the effect of material composition and surface texturing (atomically smooth to nanorough) on the nucleation and growth mechanism of frost for a range of conditions within the sublimation domain (0°C to -55°C; partial water vapor pressures 6 to 0.02 mbar). Surprisingly, we observe that on silicon at very cold temperatures-below the homogeneous ice solidification nucleation limit (< -46°C)-desublimation does not become the favorable pathway to frosting. Furthermore we show that surface nanoroughness makes frost formation on silicon more probable. We experimentally demonstrate at temperatures between -48°C and -55°C that nanotexture with radii of curvature within one order of magnitude of the critical radius of nucleation favors frost growth, facilitated by capillary condensation, consistent with Kelvin's Equation. Our findings show that such nanoscale surface morphology imposed by design to impart desired functionalities-such as superhydrophobicity-or from defects, can be highly detrimental for frost icephobicity at low temperatures and water vapor partial pressures (< 0.05 mbar). Our work contributes to the fundamental understanding of heterogeneous phase transitions well within the equilibrium sublimation domain and has implications for applications such as travel, power generation, and refrigeration.
Abstract
Ice nucleation from vapor presents a variety of challenges across a wide range of industries and applications including refrigeration, transportation, and energy generation. However, a rational comprehensive approach to fabricating intrinsically icephobic surfaces for frost formation-both from water condensation (followed by freezing) and in particular from desublimation (direct growth of ice crystals from vapor)-remains elusive. Here, guided by nucleation physics, we investigate the effect of material composition and surface texturing (atomically smooth to nanorough) on the nucleation and growth mechanism of frost for a range of conditions within the sublimation domain (0°C to -55°C; partial water vapor pressures 6 to 0.02 mbar). Surprisingly, we observe that on silicon at very cold temperatures-below the homogeneous ice solidification nucleation limit (< -46°C)-desublimation does not become the favorable pathway to frosting. Furthermore we show that surface nanoroughness makes frost formation on silicon more probable. We experimentally demonstrate at temperatures between -48°C and -55°C that nanotexture with radii of curvature within one order of magnitude of the critical radius of nucleation favors frost growth, facilitated by capillary condensation, consistent with Kelvin's Equation. Our findings show that such nanoscale surface morphology imposed by design to impart desired functionalities-such as superhydrophobicity-or from defects, can be highly detrimental for frost icephobicity at low temperatures and water vapor partial pressures (< 0.05 mbar). Our work contributes to the fundamental understanding of heterogeneous phase transitions well within the equilibrium sublimation domain and has implications for applications such as travel, power generation, and refrigeration.
Over the last decade, research interest on nucleation physics and the rational design of icephobic surfaces has been experiencing rapid growth due to exciting recent findings [1] [2] [3] [4] [5] [6] and the ability to probe and explain previously unexplored phenomena for example distinct frost growth patterns on differently chemically treated surfaces that allow easier frost removal 2 or the spontaneous jumping of droplets coalescing on hydrophobic surfaces to prevent freezing of supercooled droplets. 4, 7, 8 Going beyond scientific value, such research is crucial in understanding how to engineer surfaces for commercial usage to benefit practical applications. [9] [10] [11] [12] To this end, industries spanning from road and air transportation, to transmission lines, to energy generation by wind turbines and to refrigeration cycles 13, 14 can harvest significant benefit from the development of icephobic surfaces with better performance under temperatures far below the equilibrium freezing point. Icephobicity at the very fundamental ice formation level, can be characterized as the ability to hinder heterogeneous ice nucleation on the surface. 15 An example of heterogeneous ice nucleation, commonly referred to as frosting, is the formation of ice crystals on a surface, at a temperature below the freezing point and exposed to a supersaturated vapor environment. 16 This ice nucleation can follow two pathways: vapor to liquid to solid (condensation-freezing) or vapor to solid (deposition or desublimation). 17 These two pathways, in a variety of forms, have long been an area of interest in the atmospheric sciences due to their importance for understanding how particles in the environment influence the formation of clouds, fog, rain, sleet, and snow, 18 and this work has focused on either inorganic crystals or natural particles commonly found in the atmosphere that expedite ice nucleation. [19] [20] [21] [22] [23] Understanding what makes a surface icephobic, however, must involve the intertwined effects of surface material types and properties with respect to counteracting ice nucleation. Furthermore, understanding how these factors affect the mechanism and transition between the two pathways of heterogeneous ice nucleation from vapor is crucial in understanding how to design and tailor icephobic surfaces for different applications. 24 The effect of surface topography on ice nucleation has been a topic that has received renewed attention in recent years, due to the increased interest in developing inherently icephobic surfaces and the increasing ability to impart topography with desired nanoscale features in a controlled manner. However, due to the number of nucleation pathways, 17 there still remain considerable aspects not completely understood, including the performance and pathway dependence under a range of environmental conditions. For example, with solidification, studies have concluded that nanotexture, with radii of curvature within one order of magnitude of the critical radius, does not facilitate nucleation of super-cooled water droplets (heterogeneous nucleation from the melt), although classical nucleation theory would predict it. 25, 26 These results are explained either by the formation of an amorphous quasi-liquid layer at the interface between the nascent ice embryo and the surface, counteracting the decreased interfacial energy which should otherwise be provided by the pits 25 or due to the relatively higher interfacial energy between the liquid and solid in comparison to that of the liquid and vapor, considerably dampening the geometrical effect of the pits to enhance nucleation rate. 26 Evidence that nanotexture and nanoscale surface defects improve crystal nucleation from vapor have been previously shown, such as chemical vapor deposition of diamond 27, 28 as well as the growth of organic crystals. 29, 30 However, despite its importance, the effect of nanotexture on water vapor desublimation, at the intersection of the science bases of ice nucleation and surface nanofabrication, remains largely unexplored.
Here, employing classical nucleation theory in the sublimation domain of the water equilibrium diagram, we begin by mapping the expected homogeneous nucleation mode as a function of temperature and super-saturation and discuss how the introduction of a surface may affect the nucleation behavior. First, we verify our experimental apparatus and methodology by comparing our own findings on silver iodide crystals to those in literature. We use these experiments to begin our discussion on how substrate material affects the barrier to heterogeneous ice nucleation and the heterogeneous condensation-desublimation nucleation transition. We then investigate silicon and the effect of surface morphology, namely, nanotexturing, on frost nucleation behavior.
Based on our experimental findings, we discuss how ice nucleates from vapor under different conditions on a host of substrate materials and surface topographies, and suggest rational design rules that must be considered when engineering icephobic surface textures for realistic applications.
Results and Discussion
The mechanism of nucleation is characterized by the change in Gibbs free energy necessary to transform from a parent phase (1) to a daughter phase (2) . 17, 18 In frosting, the parent phase is always water vapor, while the daughter phase can be either liquid water (condensation) or solid ice (desublimation), dependent on the nucleation pathway; in the case of liquid formation, this will then subsequently solidify. Since our goal is simply to identify the conditions necessary for the two pathways, we have ignored the Gibbs free energy necessary for the liquid to freeze in the ensuing analysis. The critical Gibbs free energy (
indicates the amount of energy necessary to begin phase change from the parent phase (1) to the daughter phase (2) at a specific temperature (T ) and pressure ( p ) (single component).
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(see Supporting Information, section "Critical Gibbs Free Energy") where γ is the interfacial energy between the parent and daughter phases, n is the number of molecules per unit volume of the daughter phase, k is the Boltzmann constant, L p and S p are the saturated water vapor pressures over a plane surface of the daughter phase, and ξ is a numerical factor greater than one used to compensate for non-spherical embryos (for the vapor to liquid transition ξ is equal to one). The subscripts V , L , and S take the place of parent phase (1) and daughter phase (2) explicitly as the vapor phase, liquid phase, and solid phase, respectively.
An important parameter to study, dependent on Figure 1a and b that Classical nucleation theory indicates that roughness, whose radius of curvature R is up to one order of magnitude above the minimal radius of curvature of stable nuclei ( Rate").
We tested the effect of nanotexture on the nucleation mechanism at these conditions by conducting experiments on smooth silicon and on nanotextured silicon (see Methods, section "Surface Preparation" for more details) at four values of p . The sample was observed using a bright field microscope, while its temperature ( s r , does indeed improve the favorability of ice growth in our experimental temperature range. In order to further confirm the influence on nanotexture on nucleation rate, and its importance in technical applications, we conducted experiments on three nanotextured aluminum samples at a p value of 0.05 mbar (9 total experiments). Similar to nanotextured silicon, we observed that these surfaces resulted in an increased 12 J at reduced S / p p and therefore an earlier onset of nucleation, seen by the red box in Figure 4a . This provides stronger evidence for the effect of nanotexture across a range of materials to
It is also interesting to observe the shape of the ice growing on the silicon surface. Figure 4b and c show images of ice growing on smooth and nanotextured silicon, respectively. It is clear that the ice growing on both surfaces is not symmetric like it was on AgI coated surfaces, although the cold temperature and dry environment would lead one to expect to be in a desublimation regime. Therefore, it is unclear that desublimation nucleation is the favorable pathway to ice formation. No clear condensation-desublimation nucleation transition-as we were able to obtain for AgI coated surfaces ( Figure 2a )-was attained on smooth silicon for the temperature ranges we studied (see Figure S1a ). Furthermore, the macroscopic shape of the ice crystals provides insight into the microscope of crystal configuration upon nucleation and therefore evidence for the interface at which growth began, whether it be solid-vapor or solid-liquid. 33 The basal face of ice 1h crystals observed on the AgI samples ( Figure 3c ) is consistent with growth beginning from the solid-vapor interface, while the secondary prism face of ice 1h crystals observed on the silicon samples ( Figure   S1b ) is indicative of growth from the solid-liquid interface, 34 providing further evidence that condensation followed by freezing is the energetically favorable pathway for frost formation for the range of s T used in our experiments. Nevertheless, our observations show that nanotexture does influence nucleation and catalyzes the formation of ice. We offer two feasible explanations that we see for this behavior: 1) The nanoroughness radius of curvature R of the scale of Due to the crystalline structure of ice, it is expected that adding curvature at such a small scale will disrupt the lattice near the substrate surface, resulting in an amorphous phase known as a quasiliquid layer, whose thickness increases with decreasing pit radius, 25, 35 contradicting our first explanation. The thickness or actual existence of the quasiliquid layer may be dependent on substrate type, including crystallographic match with respect to bulk ice and the strength of the water-surface interaction. 36 The idea that ice crystal growth can be enhanced by surface defects as a two-step process involving a liquid intermediary, however, has been proposed earlier [37] [38] [39] [40] and has been experimentally demonstrated for a variety of organic liquids. 41 The proposed mechanism for the enhanced growth of ice crystals from vapor involves an intermediary liquid phase cause by capillary condensation. The phenomenon of capillary condensation can be described by the Kelvin
where d is the diameter of a cavity. Eq. (5) This explanation also warrants a discussion on the effect of freezing point depression (GibbsThompson Effect) on the nucleation of ice embryos in the nanotexture. It has been shown that water inside nanopores with d < ~12nm leads to lower equilibrium solidification temperatures and complete suppression of solidification for radii under 2.8nm. 35, 42, 43 This effect, akin to the formation of quasiliquid layers at locations of high R , 25, 35 should, in theory, only suppress ice nucleation at the very bottom of the nanopits where the pit diameter is of the correct scale. The nanotexture on the tested surfaces are characterized by an RMS roughness of 61.8nm and have peak-to-peak distances on the order of 100nm, implying that if the capillary condensate is able to fill the nanopits
, then the ice nucleation should still be able to nucleate homogeneously inside the condensate, at the side-wall surface interface, or at the three-phase line. It is worth mentioning that the effect of the low p used in our experiments may have an influence on the adsorption of water molecules on the surface and thereby may influence the surface energies of liquid-vapor and solidvapor; 44 however, the situation is complicated by the presence of other adsorbates such as volatile organic compounds, which previously has been shown to increase surface hydrophobicity. 45 Based upon this discussion and our experimental results, we conclude that metastable capillary condensate forming within cavities created by the nanotexture and its subsequent freezing at low temperatures, allows ice crystals to form and grow at lower S p p than on the smooth silicon samples, due to the lack of "seed" condensate on smooth samples. An analysis of this discussion and comparison between the nanotexture and smooth surfaces is illustrated in Figure 4d . 
Conclusions
In this work we revisit the analysis of the heterogeneous condensation-desublimation nucleation transition. Our motivation is to understand it in the context of surface icephobicity in order to advise the engineering of rationally designed icephobic surfaces under low water vapor pressure and low temperature conditions. After rigorously defining and experimentally validating the regions of nucleation behavior as condensation or desublimation based upon s T and p for a wellknown ice nucleation agent, we study a nanotextured substrate to quantitatively define the effect of surface nanotopography on the barrier to frost nucleation and define a mechanism for nucleation behavior at low temperatures.
Our results are significant as they build on our understanding of the nucleation process of ice crystals from vapor. We observe that true desublimation can indeed occur on specific materials, whose solid-substrate interfacial energy is equal to or less than its liquid-substrate interfacial energy.
Although these materials may be of high interest in the atmospheric sciences, their use in the design of icephobic surfaces is less obvious. On surfaces relevant for icephobicity, we surprisingly found that the nucleation pathway at low temperatures on sufficiently nanotextured surfaces (R < 25 nm, one order of magnitude above the minimal radius of curvature of stable ice nuclei, * 12 r ) differs from the expected desublimation pathway. The substantially low temperatures necessary to achieve desublimation nucleation on such surfaces, enable surface topography of the right scale to trigger a different pathway to crystal growth, namely freezing of metastable capillary condensate, resulting in macroscopic crystal growth at lower super-saturation.
To this end, we conclude that the design of icephobic surfaces for very low-temperature applications place a significant amount of effort to use surfaces with as few nanoscale defects as possible to avoid ice crystal growth through homogeneous freezing of capillary condensate.
Nonetheless, it has recently been reported that nanotexture and roughness decreases frost adhesion, 47, 48 rendering the question of whether or not nanoengineered sample texture should be used, highly dependent on the area of application.
In summary, we find that smoother surfaces outperform nanotextured surfaces under low temperature and vapor pressure conditions. We conclude that most engineering relevant surfaces (silicon, metal, plastic) will exhibit this behavior, as long as their lattice spacing and chemical composition do not render it a strong ice nucleator (such as AgI), which has very important implications for applications such as air travel, power generation and condenser technology.
Methods

Surface Preparation
The following cleaning protocol was used at different steps during the surface fabrication:
four-minute sonication in baths of acetone, isopropanol, and water followed by a two-minute 600W oxygen plasma (PVA TePla, GIGAbatch 310M). Silver iodide (AgI) samples were made on 175 μm thick, one-inch diameter glass cover slides. The glass slides were initially cleaned using described cleaning protocol and then coated with a 2 nm layer of evaporated titanium (to improve silver adhesion), followed by a 10 nm layer of evaporated silver (Evatec, BAK501). The coated glass slides were then placed in an air-tight environment for 60 seconds containing a beaker of 2% vol. iodine (Sigma-Aldrich, ≥99.99% trace metals basis) in deionized water solution which was heated to 60 °C.
The iodide vapor reacted with the silver coating to form AgI crystals, confirmed by change in sample color and SEM micrographs (refer to Figure 2d and e). Silicon samples were fabricated from fourinch, 100 μm thick, double-side polished, p-doped silicon wafers with <100> crystal orientation. The wafers were diced into 1x1 cm chips. All silicon samples were initially cleaned using the described cleaning protocol. After cleaning, the smooth silicon samples were used as is. We fabricated the nanotextured silicon samples by first sputtering a 2 nm layer of gold onto the silicon surface (VON ARDENNE GmbH, Cluster System CS3205), which resulted in a nanoscale inhomogeneous gold layer.
The gold coated silicon chips were exposed to a 50W reactive ion etching process using 100 sccm flow rate sulfur hexaflouride, 40 sccm flow rate oxygen at 20°C sample temperature and 40 mTorr chamber pressure for two minutes (Oxford Instruments, Plasmalab 80 Plus). Nanotextured aluminum samples were fabricated by immersing 100 μm thick aluminum sheets (Korff AG, Switzerland) in boiling deionized water. Prior to immersion the aluminum samples were cleaned by sonication in acetone, isopropyl alcohol, and deionized water baths (10 minutes for each solvent). After immersing the aluminum in the boiling water, the native oxide layer on the surface reacts and becomes hydrolyzed. The oxide film undergoes chemical and morphological change leading to the formation of boehmite nanostructures as can be seen by the images of Figure S2 .
Surface Characterization
The AgI and aluminum samples were characterized by performing scanning electron microscopy (Hitachi, SU8000) scans. The silicon nanotextured samples were characterized by performing atomic force microscopy (Bruker, Dimension FastScan) scans in tapping mode using 2 nm sharp tips.
Setup and Experimental Protocol
All experiments were performed using a gas-tight chamber illustrated in Figure 5 J . We were most accurately able to measure and precisely control p by altering the temperature (T ∞ ) of a copper block, on which a thin layer of source ice was grown. Relating the temperature of the thin ice layer on the block (assumed to be the same as the copper block) to the equilibrium vapor pressure over a flat interface of ice 49 resulted in the calculation for p . Furthermore, the source ice block was designed to be 100 times the area of the sample ice nucleation area in order to maintain a constant p during nucleation and growth of the ice on the sample. By allowing enough time for the source ice to equilibrate with the water vapor in the chamber, a high accuracy for p could be achieved. We , metastable liquid can nucleate on the nanotextured silicon due to the Kelvin effect, while metastable vapor is still present above the smooth silicon. Due to the considerable supercooling (below the homogenous nucleation limit), the small volume of metastable liquid freezes in the pores and is able to grow to be macroscopically visible, while the vapor over the smooth silicon remains metastable. At S p p = 3.0, metastable liquid can finally nucleate on the smooth silicon and due to the considerable supercooling, freezes. 
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S2 Nucleation Rate
The rate at which nucleation of daughter (2) in parent (1) phase occurs is calculated using an
, where J is a pre-exponential factor, which depends on the rate at which vapor molecules strike a unit area of the embryo. This rate is given from kinetic gas theory as ( ) 
To compare the rate of stable embryo formation for condensation and desublimation, we can first study the pre-exponential term in Eq. (S5). For condensation and desublimation, the preexponential terms only differ by a factor β and in this case are equal to within a factor of two as the other variables do not change. 1 Therefore it is commonly assumed that the pre-exponential term for condensation and desublimation are the same and given as J = 1e29 m 
S7 Effect of Roughness on Nucleation Rate
It is important to understand how nanotexture globally influences the rate of nucleation ( J caused by bumps and that the overall 12 J for a nanotextured surface is increased significantly. This section demonstrates how we arrive at this outcome.
We begin by quantifying the heterogeneous nucleation rate for a smooth surface shows example of frost crystals grown at s T = -56.7 °C. Unlike the crystal shape observed in the desublimation region for AgI, characteristic of the basal face of ice 1h (see Figure 2c) , the crystal shape observed on silicon is characteristic of the secondary prism face of ice 1h, providing further evidence of growth from the liquid-solid interface. 8 The light travels through an expansion lens (used to focus the light on the back focal plane of the objective), followed by a beam splitter (necessary to split the excitation and detection light paths), followed by an objective (used to illuminate the sample with a collimated beam and also collect the detected light). The light reflected from the sample (blue line) travels back through the same objective used for illumination and is reflected by the beam splitter to the imaging lens, which focuses the light onto an 8-bit CMOS camera chip, producing an image on the computer. This image is synchronized with the temperature and pressure measurements. The experimental chamber is held on the breadboard above the objective.
